The phase boundaries pertaining to 2 (FePt) and 3 (FePt 3 ) phases in the Fe-Pt system have been re-examined by measuring (1) the compositions of interphase boundaries in diffusion couples, (2) the equilibrium compositions in two-phase alloys and (3) the electrical resistivity as a function of temperature. The results obtained by the three methods are consistent with each other. The (fcc solid solution) $ 2 þ 3 eutectoid has been found to be located at a point higher in Pt concentration and lower in temperature than in the currently adopted phase diagram, the stability range of the 2 phase exhibits considerable asymmetry. Other phase boundaries, as well as the ferromagnetic $ paramagnetic transition in the 2 phase detected by the resistivity measurements, are in fair agreement with the data in the literature.
Introduction
The Fe-Pt system exhibits a canonical phase diagram based on the face-centred cubic (fcc) structure (except for the Fe-rich part at low temperatures) with three ordered phases Fe 3 Pt ( 1 , L1 2 ), FePt ( 2 , L1 0 ) and FePt 3 ( 3 , L1 2 ). These ordered alloys attract much attention in their phase transformation behaviour and magnetic properties. In particular, extensive studies are now being made on L1 0 -ordered FePt, which shows strong uniaxial magnetic anisotropy, aiming at applications to high-density perpendicular magnetic recording.
In the course of a study of atomic diffusion in FePt and FePt 3 alloys, [1] [2] [3] we prepared single-phase specimens based on the currently adopted phase diagram. 4) However, we found precipitates of a second phase in some specimens and expected disagreement with the location of the phase boundary in the present phase diagram. We have thus reexamined the phase boundaries between the ordered 2 , 3 and disordered (fcc) phases by three methods: (1) measurements of the phase boundary compositions at interphase boundaries in heterophase diffusion couples, (2) measurements of the equilibrium compositions of constituent phases in two-phase alloys, and (3) in-situ measurements of the electrical resistivity of alloys, in the composition range from 38 mol% to 85 mol% Pt. The 1 = phase boundary has recently been re-examined by Osaka et al. using X-ray diffraction.
5) The procedures and the results of our experiments are described below in due order. The data are then summarized to delineate revised phase boundaries, and are compared with the data in the literature.
Phase Boundary Compositions in Heterophase
Diffusion Couples
Experimental procedure
The Fe-Pt alloys of various compositions were prepared by argon arc melting. Each ingot, of about 30 g, was melted several times to ensure homogeneity. The alloys were further annealed for homogenisation in a dynamic vacuum better than 1 Â 10 À3 Pa at 1100 C for 64 h. Plates of about 3 mm in thickness were cut out from the annealed ingots, and one surface of each plate was mechanically polished using a series of diamond slurry. A pair of plates with different composition were brought into tight contact at the polished surfaces using a stainless-steel holder. The assembly was wrapped in tantalum foil and was vacuum-annealed for diffusion bonding at 1000 C for 30 min. Diffusion couples thus prepared were annealed in a dynamic vacuum under the conditions listed in Table 1 . After annealing for a given period of time, the couple was rapidly cooled to room temperature. One surface of the diffusion-annealed couple was ground mechanically by 0.5 mm to avoid possible effects of surface oxide, and was polished with a series of diamond slurry. The concentration profiles were measured by an electron-probe micro-analyser (EPMA) with wavelength dispersive detectors under an acceleration voltage of 20 kV, a beam current of 30 nA of and a spot size of 1 mm. Intensities of Fe K and Pt M characteristic X-rays were measured simultaneously and were converted to concentrations by the ZAF method, 5) using a homogeneous Fe-Pt alloy of a predetermined composition (45:2 AE 0:8% Pt, determined by inductively-coupled plasma (ICP) spectrometry). In this paper compositions are indicated in mol% unless otherwise stated. Figure 1 shows typical concentration profiles established in the diffusion zone after diffusion annealing. The concentrations were first measured across the interface at intervals of 8 mm, and additional measurements were made at the areas where the concentration varied abruptly.
Results
The diffusion couple of Fig. 1(a) , denoted as 38/48, was composed of alloys of 38 and 48% Pt. After annealing at 1120 C for 480 h, the couple consists of the solid-solution phase and the ordered 2 phase with an interphase boundary in between of a reduced concentration gap. Since the concentration profile is almost linear around the gap, one may assume that local equilibrium has been established there. On this assumption, the terminal compositions of each phase at the gap, 42.4 and 45.2% Pt in this example, are interpreted as the equilibrium compositions at the =ð þ 2 Þ and ð þ 2 Þ= 2 boundaries, respectively. The concentration profile shown in Fig. 1(b) is of a couple composed originally of 58 and 68% Pt. After the diffusion annealing at the same temperature and for the same period of time as the previous example, the profile exhibits two concentration gaps. From the topology of the phase diagram, the phase formed between the gaps must be the solid-solution phase. The compositions at the two gaps can be taken as those for the two phase boundaries, 2 =ð 2 þ Þ and ð 2 þ Þ= for the former, and =ð þ 3 Þ and ð þ 3 Þ= 3 for the latter, at this temperature.
Similar examinations were made on twelve diffusion couples in total. The phase-boundary compositions obtained from them are summarized in Table 1 . Entries '-' in Table   Table 1 1(b) indicate that either those phase boundaries are not involved in the composition ranges of the diffusion couples or the concentration gaps at the phase-boundaries were too small to be detected.
Equilibrium Compositions in Two-phase Alloys

Experimental procedure
To examine in more detail the phase boundaries between the 3 and phases at compositions close to the Pt-rich end, equilibrium compositions of the two phases in the alloys of 75 and 80% Pt (samples P1 and P2) have been measured after annealing at a few different temperatures. The heat treatment and composition determination have been done in the same way as in the diffusion couple experiments. The conditions of the equilibration annealing are shown in Table 2 .
2) is also shown in the table. The microstructure and compositions were examined by electron-probe microanalysis; the intensities of Fe K and Pt M characteristic X-rays were measured by wavelengthdispersive detectors and were converted to concentrations by the ZAF method using a homogeneous FePt 3 alloy of 75:2 AE 1:9% Pt (determined by ICP spectrometry) as a reference.
Results
The microstructure of the equilibrated samples consists of precipitate particles of the 3 phase in a Pt-rich matrix. Figure 2 shows a profile of the intensity of the Fe K characteristic X-ray taken from sample P2-1, whose bulk composition is 80% Pt. It shows the presence of the 3 phase in the matrix, although it was difficult to distinguish such particles by optical or scanning electron microscopy. The size of precipitates was typically of the order of 10 mm, which does not exceed the diffusion distance expected from the annealing time, and the compositions were always uniform in each phase. The compositions of the 3 precipitates and the matrix were measured by point analyses and were determined by averaging more than five data. The results are shown in the last two columns of Table 2 .
Temperature Dependence of the Electrical Resistivity
Experimental procedure
Nine alloys were prepared by argon arc melting for resistivity measurements. Rod-shaped specimens of dimensions of 1 mm Â 1 mm Â (30-40) mm were cut out from ingots. Their compositions were determined by electronprobe micro-analysis and are shown in Table 3 .
In-situ measurements of electrical resistivity were made by the standard DC four-probe technique using a dynamicvacuum furnace (NM-8-S, NEMS Corp., Tokyo). The instrument consisted of a stainless-steel chamber and a cylindrical assembly of tungsten mesh heaters and reflectors (made of tungsten and molybdenum) within it. The heated zone was of 80 mm in diameter and 100 mm in height. The temperature was controlled using a molybdenum-sheathed C-type (W-Re 5/26%) thermocouple. The chamber was evacuated by a turbo molecular pump and a dry scroll pump connected in series. The vacuum better than 10 À3 Pa was maintained during in-situ measurements.
The specimen, to which four platinum wires of 0.2 mm in diameter and an R-type thermocouple of 0.3 mm in diameter had been spot-welded, was supported by an alumina plate by inserting one end of the specimen to a hole in the plate, and was held at the centre of the heated zone by placing the plate on a pedestal made of tungsten. The four platinum wires were connected to nickel wires of 0.5 mm in diameter, which were lead to a vacuum feed through together with the thermocouple. The resistance of the specimen was measured by applying a current with a density of about 0:5{1 Â 10 2 A/ m 2 using a stabilized constant current supply. The voltage drop at the specimen was measured for about 6 s to average over 8 samplings, and this measurement was made twice by inverting the polarity to cancel extrinsic electromotive forces. The resistance of the sample was then calculated from the average over the two polarities, and was converted to the resistivity. The magnitude of the relative error in the resistance was typically less than 10 À3 , but that of the resistivity was as large as 10 À2 , which was dominated by the uncertainty in the distance between the potential leads. an equilibrated two-phase alloy, showing a precipitate particle of the 3 phase in the matrix of the phase (specimen P2-1, bulk composition 80% Pt, annealed at 1000 C for 3 months). The resistivity was being measured during continuous heating or cooling at a rate of 5-10 C/min. The temperature of the specimen was measured by the R-type thermocouple attached directly at the centre. To verify the accuracy of the temperature measurement, preliminary experiments were made using a pure iron specimen in the temperature range from room temperature to 1440 C, where one magnetic (770 C) and two allotropic phase transitions (912 C and 1394 C) take place. The error turned out to be within 5 C, although there may be larger uncertainties at the uppermost temperatures. The details of those experiments are described in Appendix A.
Results
The measurements on Fe-Pt specimens were done in a sequence of temperature change illustrated in Fig. 3 . The rate of temperature change was 5 C/min at parts 1, 4, 5 and 7, while it was 10 C/min at parts 2, 3 and 6. The low rate was employed at parts 1 and 7 to measure the magnetic transition temperature with reasonable accuracy within a feasible time. Parts 2-3 (fast) and 4-5 (slow) were both intended to detect the order-disorder transformation but at different temperature change rates; effect of heating/cooling rates may be examined by comparing the results of the two sets of sequences. In some of the specimens for which no magnetic transition was expected to occur, the high rate was adopted also for parts 1 and 7.
The general features of the resistivity-temperature curves are shown in Fig. 4 , where the data obtained in the last three cooling parts (5, 6 and 7) of the temperature change sequence are displayed. On going down from the uppermost temperature, the resistivity increases abruptly at a temperature between 1350 C and 950 C, which depends on the composition. After gradual decrease with decreasing temperature, the alloys of compositions less than 66% Pt exhibit a sharp change in slope at a temperature between 100 C and 450 C, which must correspond to the paramagnetic $ ferromagnetic transition. The behaviour of the resistivity is globally similar to the case of Fe-Pd alloys, 6) which itself can be an interesting subject of research. in the heating and cooling curves of Fig. 5(b) are different from each other by about 10 C. Since the temperature distribution was believed to be more uniform during cooling than during heating in this temperature range, the transition temperature has been determined from the cooling curve, with the aid of the temperature-derivative curve shown in the upper part, to be 395 C in this example. On the other hand, the variations of the resistivity at the order-disorder transformation (Fig. 5(c) ) exhibit much more significant hysteresis. As the transformation on cooling might be affected by supercooling, the curves on heating have been analysed. However, the determination of the phase boundaries, namely the onset and completion temperatures of the transformation from the ordered phase to the disordered phase, is not straightforward: the location of the two-phase region in the resistivity curves is not obvious at all. Here we tentatively interpret the two ends of the dip in the temperature-derivative curve as the onset and completion temperatures. The temperatures thus determined from the curves of the two heating rates (5 and 10 C/min) are then extrapolated to zero heating rate. The magnetic transition temperatures and the orderdisorder transformation temperatures obtained by the procedures described above are listed in Table 3 . Those determined from the cooling-run measurements are also shown for comparison. Entries '-' indicate the cases where either no reliable values were obtained because of inappropriate experimental conditions (the case of specimen R4-1) or the transition was not detected. Figure 6 summarizes the order-disorder transformation temperatures obtained in the present work. The phase boundary compositions determined in the first two experiments are shown by symbols, while two-phase regions derived from the resistivity measurements (i.e., the ranges of temperatures where the alloy consists of the ordered and disordered phases) are indicated by solid lines parallel to the ordinate. Although there are some points that do not appear satisfactorily consistent with each other, e.g. the two-phase region for 58% Pt and the phase-boundary compositions around 56% Pt at 1280 C, the results are found to be in reasonable agreement as a whole. From these data one may draw the order-disorder phase boundaries as the solid curves in the figure.
Summary of Results and Comparison with the Literature
These data and the phase boundaries concerning the orderdisorder transformation and the magnetic transition temperatures determined in the resistivity measurements are plotted on the currently adopted phase diagram 4) in Fig. 7 , together with the data in the literature on which the phase diagram is mostly based, [9] [10] [11] [12] [13] and recently reported data that delineate the 1 = phase boundary. 5) This comparison reveals that the stability range of the 2 phase markedly asymmetrical with respect to the composition, similarly to the case of L1 0 ordered FePd in the Fe-Pd system.
15) The 2 þ 3 two-phase region finds itself at compositions richer in Pt than in the previous assessment, which leads to a reduced composition range of the 3 phase. The uppermost order-disorder transformation temperatures need not to be revised for either 2 or 3 , but they are located at higher Pt concentrations, about 54% Pt for 2 and 67% Pt for 3 . It may be noted here that the position of the 2 þ 3 two-phase region and the stability range of the 3 phase agree well with those in a recently assessed phase diagram by the CALPHAD method.
16)
Kussmann and colleagues 10, 11) studied the constitution and the structures of the phases in the composition range from 20 to 70% Pt by measurements of thermal expansion, lattice parameters, electrical resistivity and magnetization. Some of their data turn out inaccurate, including those concerning the 2 = boundaries. It might be due to errors in temperature, particularly in those obtained from quenched samples. The 2 $ order-disorder transformation temperature at the equiatomic composition was reported to be 1280 C by Kudielka and Runow 12) and 1300 C by Whang et al., 13) while it is estimated to be in the range between 1250-1270 C from the results of the present experiment. Both of the foregoing studies employed powder X-ray diffraction, either in-situ experiment 12) or examination of quenched samples. 13) Considering the differences in experimental techniques, the data from the three sources can be regarded fairly consistent.
The wide range of stability of the 3 phase is based on the X-ray diffraction work by Crangle and Shaw. 14) Its Ptdeficient side is now questioned by the present study and the CALPHAD assessment. 16) Crangle and Shaw carried out insitu experiments on powder samples, whose compositions had been determined by chemical analysis. Their results are in good agreement with those of the present work at Pt-rich compositions but markedly deviate at low Pt compositions. A possible cause of the deviation is preferential evaporation of Fe at elevated temperatures in a vacuum, which becomes more serious as the Fe concentration is increased, as we (δFe) Fig. 7 Comparison of the results of the present work, the currently adopted phase diagram 4) and the literature data. [9] [10] [11] [12] [13] [14] Fig . 6 The order-disorder phase boundary compositions and temperatures determined by the three methods and the phase boundaries drawn from the data. 10) reported the Curie temperatures of both the ordered and disordered states, with the former being higher, which seems to be a characteristic feature of the fcc-based binary systems containing Fe (the case of Fe-Pd 17, 18) and theory on Fe-Ni 19) ). The present results agree fairly well with their data for the ordered states at compositions around 50% Pt, but deviate systematically toward lower temperatures at Pt-rich compositions. The reason for this discrepancy is unclear.
Conclusions
The phase boundaries between 2 -FePt (L1 0 ), 3 -FePt 3 (L1 2 ) and fcc disordered (A1) phases have been reexamined by measurements of compositions in heterophase diffusion couples, equilibrated two-phase alloys and electrical resistivity of alloys of various compositions. The stability range of the 2 phase has been found to be markedly asymmetric with respect to composition, exhibiting close similarity to the case of FePd, in which the ultimate orderdisorder transformation temperature is found at a hyperstoichiometric composition. The results also propose that the excessively wide range of stable compositions of the 3 phase is to be reduced at the Pt-deficient side.
Appendix: Resistivity measurements on pure iron
The validity of the method of temperature measurement employed was checked by measuring the resistivity of pure iron. The sample was a wire of 1 mm in diameter and 40 mm in length, and had been purified by annealing in a wet hydrogen atmosphere. With an R-type thermocouple attached at its centre, the resistivity of the iron wire was measured during continuous heating and cooling, passing through the ferromagnetic to paramagnetic transition at 770 C and the two structural transformations at 912 C ( $ ) and at 1394 C ( $ ). Figure A·1 shows the resistivity-temperature curves of the pure iron sample measured at a rate of temperature change between 8 and 10 C/min. These are the results of two successive heating-cooling run measurements, the first run from room temperature to 1016 C and then down to 661 C, and the second run from 661 to 1442 C and then down to room temperature. The solid and dashed curves show respectively the data obtained during heating and cooling. The resistivity in the cooling part of the second run appears to be much higher than in the previous sequences. It is an artefact resulting from evaporation of Fe in a high vacuum at elevated temperatures, which is evident from the curve of the heating run above 1300 C; the resistance of the specimen is increased because of the reduction of the thickness, but the The magnetic transition temperature is not evident in the resistivity versus temperature curves of Fig. A·2 , but location of the slope change is found rather easily in the temperaturederivative curves in the upper part. The transition temperature (the Curie temperature) is found to be 760-765 C in the heating runs and 750-760 C in the cooling runs. They are slightly lower than the reference value, 770
C, but compare fairly well.
As seen in Fig. A·3 , the resistivity curve exhibits a clear step at the $ transformation; the resistivity of the phase turns out to be lower than the phase by about 1%. On heating toward the $ transformation the resistivity begins to decrease abruptly, and after further heating for about 20 C it starts again abruptly to increase with temperature in the phase. The behaviour on cooling is almost reversible, although the temperature range in which the transformation continues to occur is shifted to lower temperatures by [15] [16] [17] [18] [19] [20] C. The temperature of the onset of the transformation happens to be at 910 AE 5 C in both heating and cooling runs, which agrees very well with the standard transformation temperature, 912 C. Figure A·4 shows the uppermost portion of the resistivity curves and their temperature derivatives in the second heating-cooling sequence. Here we pay attention only to the relative variations, as the absolute values of the resistivity are affected by the reduction in the thickness. The onset and the completion of the $ transformation is visible in the temperature-derivative curves. The transformation occurred in the temperature range from 1414 to 1426 C on heating, and from 1421 to 1403 C on cooling. These temperatures differ significantly from the commonly accepted transformation temperature, 1394 C, in the opposite sense to the previous two cases at lower temperatures. This discrepancy may have to be taken as the systematic error in temperature measurement of the present method of experiment, which may be attributed to degradation of the thermocouple attached to the iron specimen, or temperature gradient that may develop at such high temperatures. Nevertheless, the reference, 1394 C, which is due to Boulanger, A1) may need to be re-examined, as the report is lacking in convincingly detailed descriptions of the experimental method and its accuracy.
